Abstract. We investigate, within the fluctuation-exchange approximation, a correlated-electron model for Y2Ba4Cu7O15 represented by two inequivalent Hubbard layers coupled by an interlayer hopping t ⊥ . An energy offset δ is introduced in order to produce a different charge carrier concentration in the two layers. We compare several single-particle and magnetic excitations, namely, the single particle scattering rate, the spectral function and the spin lattice as well as spin-spin relaxation times in the two layers as a function of δ. We show that the induced interlayer magnetic coupling produces a tendency to "equalization" of the magnetic properties in the two layers whereby antiferromagnetic fluctuations are suppressed in the less doped layer and enhanced in the heavily doped one.The strong antiferromagnetic bilayer coupling causes the charge carriers in the plane with larger doping concentration to behave similar to those of the underdoped layer, they are coupled to. This effect grows for decreasing temperature. For high temperatures or if both layers are optimally or overdoped, i.e. when the antiferromagnetic correlation length becomes of the order or smaller than one lattice site the charge carrier and magnetic dynamics of the two layers is disconnected and the equalization effect disappears. These results are in good agreement with NMR experiments on Y2Ba4Cu7O15 by Stern et al. [Phys. Rev B 51, 15478 (1995)]. We also compare the results with calculations on bilayer systems with equivalent layers as models for the constituent compounds YBa2Cu3O7 and YBa2Cu4O8.
Introduction
There is a large amount of consensus that the anomalous properties of cuprate superconductors are caused by the strongly interacting electrons within the CuO 2 planes. However, in particular the observation that the highest superconducting transition temperatures belong to compounds with more than one layer per unit cell initiated various investigations of out-of-plane properties. The observation of a rather strong coupling between adjacent layers has been made by inelastic neutron scattering [1] (INS), nuclear magnetic resonance [2] [3] [4] [5] (NMR) and indirectly also in Raman scattering experiments [6] . Furthermore, the observation of a qualitatively different behavior of the odd and even channel in INS including a sharp resonance feature, found solely for odd excitations [7] and of a bilayer splitting of the Fermi surface found in angular resolved photoemission experiments (ARPES) [8, 9] demonstrate that low energy excitations of cuprates are affected by the presence of more than one layer per unit cell. Related to these issues is the interesting question of a e-mail: arrigoni@physik.uni-wuerzburg.de the c-axis transport and the occurrence of a c-axis Josephson plasma excitation [10, 11] , which may turn out to be a new probe of the vortex statics and dynamics of the superconducting state.
A very interesting perspective on the nature of the coupling between CuO 2 -layers was offered by NMR experiments by Stern et al. on Y 2 Ba 4 Cu 7 O 15 (247). This material has a variety of structural similarities to the extensively studied YBa 2 Cu 3 O 7 (123) and YBa 2 Cu 4 O 8 (124) systems. The main difference in the crystallographic structure of 123 and 124 is the double CuO chain in the latter. The compound 247 can be considered as a natural multilattice, consisting of alternating 124 and 123 blocks. The bilayers in 247 are correspondingly build up of one CuO 2 layer which belongs to the 123 block and one layer of the 124 block. Based on the analysis of the NQR spectra it turned out that the charge carrier content in these nonequivalent adjacent layers is very close to that of the related parent compounds of the two blocks, i.e. one plane has a similar charge carrier concentration to the slightly overdoped 123 system whereas the other layer corresponds to the underdoped 124 system. Interestingly, the highest 63 T 1 T , even though it is barely present in the 123 parent compound itself. (iii) the interplane transverse relaxation rate, as measured in a spin-echo double resonance experiment (which characterizes the interplane magnetic susceptibility) increases for decreasing temperature faster than the intraplane relaxation rate. Thus, the main conclusions from these observations are that, for high temperatures, the two planes are rather disconnected and behave similarly to their parent compounds, whereas for decreasing temperatures, the increasing interlayer magnetic coupling enforces even the slightly overdoped plane to behave like an underdoped system.
For a proper interpretation of these interesting experimental data and, in a more broader context, for a better understanding of the bilayer coupling in cuprate superconductors in general, it is essential to investigate to what extent one can describe the main trends of these data within a model of coupled layers, only different by their charge carrier concentration or whether one needs to make qualitatively new assumptions about the nature of the bilayer coupling.
One promising approach for the description of bilayer phenomena is based on a Hubbard Hamiltonian with local repulsive Coulomb interaction, where the interplanar coupling is caused solely by an interplane hopping element t ⊥ . This model, restricted to the case of equivalent layers (δ = 0), has been investigated within various techniques [12] [13] [14] . Additional insight can be gained using a self-consistent summation of bubble and ladder diagrams (fluctuation exchange approximation). The main results of these investigations [15] [16] [17] [18] are enhanced antiferromagnetic spin fluctuations due to layer coupling causing, in bilayer systems as well, a d x 2 −y 2 symmetry of the superconducting order parameter, a predominantly incoherent low energy c-axis charge transport even though the bilayer splitting stays intact, and an enhancement of the relative strength of interlayer vs. intralayer coupling for decreasing doping.
In this paper, we additionally consider the effect of an energy offset δ, which produces a different charge carrier concentration in the two Hubbard layers (cf. also Scalettar et al. [19] ). This is a suitable model to describe the peculiarity of the 247 compound Y 2 Ba 4 Cu 7 O 15 , whose bilayers are build up of one CuO 2 layer belonging to an YBa 2 Cu 3 O 7 block and one to a YBa 2 Cu 4 O 8 block. We evaluate several single-particle and magnetic excitations, namely, the single-particle scattering rate, the spectral function and the spin lattice as well as spin-spin relaxation times in the two inequivalent layers as a function of δ within the fluctuation-exchange approximation. We show that the interlayer coupling produces a tendency to equalization of the antiferromagnetic properties in the two layers whereby antiferromagnetic fluctuations are suppressed in the less doped layer and enhanced in the heavily doped one. This equalization effect turns out to be enhanced in the presence of antiferromagnetic fluctuations in the system and to be almost absent when the antiferromagnetic correlation length becomes of the order or smaller than one lattice site and to ultimately decrease for increasing temperature. These results are in good qualitative agreement with NMR experiments on Y 2 Ba 4 Cu 7 O 15 by Stern et al. [2, 3] . We also compare the results with calculations on bilayer systems with equivalent layers as models for the constituent compounds YBa 2 Cu 3 O 7 and YBa 2 Cu 4 O 8 .
A first theoretical investigation of the experimental findings of reference [3] has been given by Millis and Monien [20] , who could determine the size of the interlayer exchange coupling from an analysis of the interlayer cross relaxation time. These authors also discuss that the 41 meV excitation observed in superconducting YBa 2 Cu 3 O 7 is a collective mode pulled down below the superconducting gap by interactions, and that the observed antisymmetry under interchange of planes follows from the non-negligible value of J ⊥ . An analysis of the coupling between an undoped layer and an underdoped one, similar in spirit to ours, has been carried out by Scalettar et al. [19] . These authors study the pairing mechanism, which arises from the coupling of holes in doped layers to spin fluctuations in the undoped layers in analogy with the Ginzburg-type scenario for the coupling of electrons through excitons in a doped semiconductor. However, it turns out that magnetic fluctuations in the undoped layer are strongly suppressed by the coupling with the doped layer and superconducting correlations are reduced by the interplane coupling at least at the temperatures accessible to the simulations. The study of the coupling between a strongly antiferromagnetic and a doped subsystem has some similarities with the "stripe scenario" where holepoor antiferromagnetic regions are considered to be in contact with hole-rich superconducting regions.
The paper is organized as follows: in Section 2 we present our model for coupled layers with different charge carrier concentration and summarize the main concept of the fluctuation exchange approximation, used for the approximate investigation of the model. In Section 3 we present our numerical results with particular emphasis to the single-particle and magnetic fluctuations in the two layers and focus on the anisotropy and on the tendency of equalization of this effects. In order to make contact with the experimental investigations on the 247 system, we discuss at length the temperature dependence of various NMR quantities in Section 4. Finally our results are summarized in Section 5.
